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Vernier acuity iin human infants is more than two orders of magnitude poorer than in adults and does 
not appear to reach adult levels until well beyond the first postnatal year. One source of these 
developmental differences in vernier acuity may be the presence of levels of intrinsic blur that are higher 
in infants than in adults. We investigated this hypothesis by measuring vernier acuity in 3-month-olds, 
5-month-olds, and adults using stimuli blurred by two-dimensional Gaussian filters. Experiment 1 
showed that more stimulus blur is required to degrade vernier acuity in infants than in adults. From 
these data we estimated that the level of equivalent intrinsic blur for this vernier acuity task decreased 
by approx. 1.5 log units between 3 months of age and adulthood. These results also suggested that 
this reduction of equivalent intrinsic blur can account entirely for the improvement in vernier acuity 
between 3 and 5 months postnatal. However, the large further improvement which occurs between 5 
months of age and adulthood cannot be explained solely by equivalent intrinsic blur. In Expt 2, we 
measured vernier acuity in 3-month-olds and adults using a non-blurred stimulus with the same 
luminance contrast as the most-blurred stimulus used in Expt 1. Infants' and adults' thresholds were 
degraded slightly, relative to the non-blurred stimulus from Expt 1, but still were significantly better 
than the most blurred condition of Expt 1. This suggests that the results from the first experiment 
were not due simply to the reduction in overall luminance contrast which occurs when stimuli are 
blurred. 
Development Forced-choice preferential looking Human infant Vernier acuity Gaussian blur 
Vernier acuity in human infants is substantially poorer 
than in normal adults (Manny & Klein, 1984; Shimojo, 
Birch, Gwiazda & Heh:l, 1987; Shimojo & Held, 1987; 
Skoczenski & Aslin, 1992; Zankar, Mohn, Weber, 
Zeitler-Dreiss, Barth, Nieuwenhuizen & Fahle, 1992). 
For example, vernier thresholds in 3-month-old infants 
are almost 200 times worse than adults' thresholds in 
a comparable task (Skoczenski & Aslin, 1992). Ideal 
observer analysis uggests that a portion of the difference 
in vernier acuity between infancy and adulthood may 
be accounted for by the maturation of photoreceptor 
morphology and spacing (Banks & Bennett, 1988). How- 
ever, these "front-end" factors do not explain all of 
the developmental improvement between infancy and 
adulthood, and a full explanation of vernier acuity 
development must take other factors into account. 
The specific stimulus; information used by adults to 
extract relative spatial position in a vernier task has not 
been unequivocally defined. However, it is generally 
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accepted that adults employ a small number of spatially 
oriented bandpass filters, each of which provides a local 
contrast signal that, when summed across filters, signals 
a spatial offset (e.g. Levi & Klein, 1990a; Wilson, 1986). 
The stimulus information used by infants to detect 
spatial offsets undoubtedly involves mechanisms similar 
to those used by adults. However, the number and 
contrast sensitivity of the bandpass filters, and the 
pooling of signals from one or more filters, has not been 
determined. In addition, the behavioral data obtained 
from infants may represent an underestimate of their 
actual sensitivity because of task variables (uncontrolled 
attention and motivation). For example, we (Skoczenski 
& Aslin, 1992) have shown that the use of stimulus 
motion in tests of infant vernier acuity may confound 
attention to temporal modulation and sensitivity to 
relative spatial position. This study (Skoczenski & Aslin, 
1992) also presented the first data from infants using 
stationary single-bar vernier stimuli, and these data 
suggested that infants may not use the same tuned and 
oriented spatial mechanisms that adults use for vernier 
tasks. 
Another approach to the study of the mechanisms 
underlying vernier acuity comes from the suggestion by 
several researchers (Hess & Watt, 1990; Levi & Klein, 
1990a, b; Watt & Morgan, 1984) that the spatial vision 
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of visually normal and visually abnormal adults is 
limited by "an internal error.. ,  that acts like blur", 
(Levi & Klein, 1990a, p. 1988). Blur is the selective 
reduction of luminance contrast for high spatial fre- 
quency components in a visual stimulus; thus, blur 
causes spread in images and smears fine details. In the 
context of visual detection and discrimination tasks, 
selective loss of high spatial frequency components may 
arise from three primary sources: (1) blur in the stimulus 
itself; (2) blur introduced by the eye's optics; and (3) blur 
created by neural factors. Stimulus blur can be readily 
measured, and much is known about he optical transfer 
properties of the human eye (e.g. Campbell & Green, 
1965; Campbell & Gubish, 1966). Recently attempts 
have been made to measure the contributions of neural 
blur to the limitations on spatial vision (Hess & Watt, 
1990; Levi & Klein, 1990a, b; Watt & Hess, 1987). These 
researchers have used a paradigm, based on Barlow's 
(1956, 1957), measures of "dark light" and analogous to 
Pelli's (1981, 1990) studies of contrast sensitivity and 
contrast increment thresholds in noise, which produces 
estimates of equivalent intrinsic blur (Watt & Hess, 1987). 
The premise of the equivalent intrinsic blur paradigm 
is that neural mechanisms in the visual system act as 
spatial filters; if these filters do not pass all of a given 
image's high spatial frequency content, then they will 
blur the image. The level of this internally produced blur 
can be estimated by measuring spatial thresholds while 
systematically increasing the external blur in the physical 
stimulus (Hess & Watt, 1990; Levi & Klein, 1990a, b; 
Watt & Hess, 1987). This type of experiment yields the 
following general pattern of results. When stimulus blur 
is less than intrinsic blur, no effects upon threshold are 
observed. However, when stimulus blur exceeds intrinsic 
blur, thresholds rise in proportion to increasing stimulus 
blur. This relationship can be seen by referring to any 
one of the curves in Fig. 1. The inflection point of the 
,..., ° / 
O *' 
Space / / 
Infants ~r . I  J [ " /  
> A uZts I 
lo., Stimulus blur high 
F IGURE 1. Hypothetical vernier acuity thresholds as a function of 
stimulus blur for infants and adults. The vertical arrows indicate the 
estimates of intrinsic blur (when additional stimulus blur begins to 
degrade threshold). The solid curve represents hypothetical dult data, 
and the two dashed curves represent hypothetical infant data. See text 
for additional details. Stimulus blur, Bs, is illustrated in the luminance 
profiles shown in the insert. 
curve is the point at which stimulus blur is equivalent to 
internally-produced (intrinsic) blur. 
Using the equivalent intrinsic blur paradigm, Watt 
and Hess (1987), Hess and Watt (1990) and Levi and 
Klein (1990a, b) have shown that some degradation of 
spatial processing in normal peripheral vision can be 
explained by a proportional increase in intrinsic blur as 
eccentricity increases. In order to describe the relation- 
ship between stimulus blur and spatial thresholds, and to 
estimate quivalent intrinsic blur for a number of differ- 
ent spatial tasks, including some "hyperacuity" tasks, 
these researchers have relied on the following equation 
(based on Watt & Morgan, 1984): 
Th = kx/(Bs 2 + Bi2); (1) 
in which Th is spatial threshold, Bs is stimulus blur, 
Bi is equivalent intrinsic blur, and k is a constant 
multiplicative factor that describes the slope of the rising 
portion of the function at stimulus blur levels which are 
greater than equivalent intrinsic blur. 
The hypothesis which motivates the present study is 
that infants' poor ability to discriminate the relative 
position of pattern elements, as in the periphery of 
the normal adult, is due to the presence of high levels 
of equivalent intrinsic blur. One potential source of 
intrinsic blur during infancy is the presence of spon- 
taneous (uncorrelated) neural activity. Huttenlocher, 
DeCourten, Garey and van Der Loos (1982) have shown 
that during early postnatal development a greater num- 
ber of synapses i present in the visual system, relative 
to the number present in the adult. The spontaneous 
activity of these synapses could create higher levels of 
internal noise in the infant visual system. During devel- 
opment, synaptic elimination occurs, presumably with 
the effect that the visual system is "streamlined" to 
process information more efficiently. This process of 
elimination could improve the convergence ratio of 
visual mechanisms, and also could reduce the level 
of spontaneous activity. 
While the equivalent intrinsic blur paradigm cannot 
distinguish between the specific sources of internal blur 
(i.e. optical or neural) which affect visual processing, it 
provides an estimate of the overall evel of internal noise 
which limits visual processing by acting as a lowpass 
filter. Furthermore, Banks and Bennett (1988) have 
shown that optical factors cannot explain the differences 
in vernier acuity between infants and adults. In the first 
experiment, we investigated developmental differences in 
vernier acuity by observing how stimulus blur affects 
vernier acuity in infants and adults, and by estimating 
equivalent intrinsic blur at different ages. 
EXPERIMENT 1: EFFECTS OF GAUSSIAN BLUR 
ON VERNIER ACUITY 
Experiment 1 investigated the hypothesis that devel- 
opmental improvements in vernier acuity can be at- 
tributed to decreasing levels of intrinsic blur. Figure 1 
shows hypothetical vernier threshold ata as a function 
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of stimulus blur. The solid curve at the bottom shows 
hypothetical dult performance, and the two dashed 
curves show hypothetical infant performance. Previous 
studies have shown that, in the absence of stimulus blur, 
infants' vernier thresholds are on the order of 100-200 
times worse than adults' (Skoczenski & Aslin, 1992; 
Zankar et al., 1992). This difference isrepresented bythe 
vertical position of the left-most points of the adult and 
infant curves. In all cases represented in Fig. 1, when 
stimulus blur (shown schematically in the insert of 
Fig. 1) is low relative to intrinsic blur, there is no effect 
on threshold; thus the left portions of the curves all 
have slopes equal to zero. When stimulus blur exceeds 
intrinsic blur, threshold should become proportional to 
stimulus blur, regardless of the absolute level of intrinsic 
blur. The arrow drawn from each curve to the abscissa 
indicates the inflection point at which stimulus blur first 
degrades vernier threshold. This inflection point is taken 
as the estimate of equivalent intrinsic blur. 
We hypothesized that infants have higher levels of 
equivalent intrinsic blur than adults. Our experimental 
hypothesis is illustrated, in Fig. 1 by comparing the 
thin-dashed curve representing infant performance to 
the solid curve representting adult performance. If the 
amount of equivalent intrinsic blur is higher during 
infancy, then more stimulus blur would be required to 
degrade infants' thresholds compared to adults'. This is 
represented by the different positions of the inflection 
points of these curves, and their corresponding vertical 
arrows, which indicate equivalent intrinsic blur for 
infants and adults. 
A second prediction is illustrated by the solid and 
thin-dashed curves in FJig. 1. Consider the finding that 
threshold isproportional to stimulus blur when stimulus 
blur exceeds equivalent intrinsic blur (e.g. Hess & Watt, 
1990). If infants have higher equivalent intrinsic blur 
than adults, and if equivalent intrinsic blur is the sole 
factor mediating developmental differences in vernier 
acuity, then at high levels of blur adult performance 
should be degraded to the level of infant performance. 
This is represented bythe overlap of the adult (solid) and 
infant (thin-dashed) curves at relatively high levels of 
stimulus blur. 
If infants and adults have equal levels of equivalent 
intrinsic blur, results from this experiment will resemble 
those seen by comparing the solid curve representing 
adult performance with the bold-dashed curve represent- 
ing infant performance. Because we already know that 
infants' asymptotic vernier acuity (with no blur added) 
is much worse than adults' vernier acuity, the two curves 
are simply shifted vertically with respect to one another. 
In the case of the null hypothesis, equivalent intrinsic 
blur would not account for the differences between 
infant and adult performance. 
These predictions were tested in Expt 1. Our previous 
study of vernier acuity in human infants (Skoczenski &
Aslin, 1992) highlighted the importance of using station- 
ary stimuli in behavioral measures of infant vernier 
acuity. In the present experiment, we measured vernier 
acuity in 3- and 5-month-old infants, and in adults, using 
stationary single-bar stimuli blurred by two-dimensional 
Gaussian filters. 
Methods 
Subjects. Infants were recruited from birth records 
obtained from the University of Rochester's Strong 
Memorial Hospital and from newspaper birth 
announcements. All subjects were born without compli- 
cations within _+ 2 weeks of their due date, as reported 
by the parents. A total of 23 3-month-olds (mean age, 82 
days; range, 70-95 days) and 30 5-month-olds (mean 
age, 154 days; range, 144-171 days) were tested. Every 
infant contributed acceptable data to at least one stimu- 
lus condition, and most infants contributed to more 
than one condition. For the adult comparison, two 
well-corrected myopes provided data in all stimulus 
conditions. 
Apparatus and stimuli. All stimuli were stationary, 
and were generated by a Raster Technologies graphics 
system (model One/80), driven by a Digital Equipment 
Corporation PDP 11/73 computer, and presented on 
a 19-in Mitsubishi color display monitor (model 
HG695BK). Luminance contrast of the non-blurred 
stimuli was 0.99 [(Lma x - -  Lmin)/(Lma x + Lmin); 
Lma x = 98.8 cd/m2; Lrnin --- 0.12 cd/m2]. During each trial 
two vertical dark bars appeared on a light background. 
At the distance from which infants viewed the stimuli 
(37.5 cm), each bar was 78 arc min wide, and the bars 
were separated by 14.7deg of visual angle. During a 
trial, three vernier offsets were present in one of the bars. 
Each offset vertically subtended 2.5 deg, and offsets were 
vertically separated by 2.5 deg on the bar. Offset sizes for 
infant subjects ranged from 9.2 to 73.6 arc min, and 
overall field size for infant subjects was 42.5deg 
(width) x 23 deg (height). In order to present smaller 
offsets, adults were tested at a viewing distance of 24 m. 
At this viewing distance, the vertical bars were 
12.2 arc min wide, and they were separated by 2.4 deg. 
The overall field size for adult subjects was 6.6 deg 
(width) x 3.6 deg (height), and vernier offset sizes ranged 
from 0.07 to 1.15 arc min. Examples of unblurred and 
Gaussian blurred stimuli are shown in Fig. 2. 
The blurred stimuli consisted of the above-described 
stimuli filtered by two-dimensional Gaussians 
(Bracewell, 1986) which acted essentially as lowpass 
filters to remove selected high spatial frequency com- 
ponents. The top two rows of Table 1 show the SDs of 
the Gaussian filters in the space and frequency domains. 
Different blur conditions were generated by specifying 
different Gaussian SDs. In the space domain, we can 
express Gaussian SDs in units of arc min, and a higher 
standard eviation corresponds tomore spread, or blur, 
in the stimulus. 
For our purposes, it is useful also to describe our 
Gaussian filters in the frequency domain, which is widely 
used to describe some of the limits on spatial resolution. 
As shown in the second row of Table 1, the frequency 
domain expresses, in c/deg, the spatial frequencies 
affected by the Gaussian filter. For example, the most- 
blurred stimulus used in Expt 1 is expressed here as 
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FIGURE 2. Examples of stimuli used in the present experiment. (a) Unblurred stimuli; (b) Gaussian blurred stimuli. Each 
photo shows the configuration of stimuli during a given trial. Adult subjects performed a two-alternative spatial forced-choice 
task, indicating on each trial which bar contained the vernier offsets. Infant subjects at on a parent's lap and looked at the 
screen; infants performed a forced-choice preferential-looking task, which relied on their preference for looking at the offset 
bar more than the straight bar. An experimenter observed the infant, but not the stimuli, and judged which bar contained the 
vernier offsets based on the infant's behavior. 
0.3 c/deg, because the Gauss ian  filter removed spatial  
frequencies above 0.30 c/deg. It was impor tant  o choose 
Gauss ian  filters appropr iate  for each age. Because 
infants have much poorer  grat ing resolut ion than adults 
(Banks & Salapatek,  1978, 1981), it would  defeat our  
purposes to only remove spatial frequencies f rom the 
st imuli  which are outside infants '  resolut ion range. We 
chose filter SDs for each age based on behaviora l  
measures of  s inewave grat ing resolut ion (Banks & 
Salapatek,1978, 1981), and also based on pi lot data. 
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TABLE 1. Summary of results from Expts 1 and 2 
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Vernier thresholds as a function of stimulus blur 
Space (min arc) 0.12 0.25 0.50 0.78 
Frequency (c/deg) 76.8 38.4 19.2 11.7 
Experiment 1
3-month-olds: 
Threshold (min arc) 41.6 
SEM 5.1 
5-month-olds: 
Threshold (min arc) 26.7 
SEM 2.3 
AMS threshold (min arc) 0.07 0.09 0.14 
JMG threshold (min arc) 0.14 0.12 0.14 
Experiment 2 
3-month-olds: 
Threshold (min arc) 49.5 
SEM 4.5 
AMS threshold (min arc) 0.16 0.15 0.15 
JMG threshold (rain arc) 0.34 0.27 0.28 
0.99 1.99 5.30 7.96 10.61 15.91 
9.6 4.8 1.8 1.2 0.9 0.6 
42.8 68.7 
5.9 12.8 
28.8 50.2 55.3 62.2 
3.0 4.9 8.2 4.9 
0.22 0.47 
0.40 1.06 
0.29 0.47 
0.40 1.09 
21.22 31.83 
0.45 0.3 
79.4 102.7 
11.8 16.5 
The top two rows describe the experimental conditions. The first row lists the filter SDs in the space domain (in units of min arc). The second 
row describes the same filters in the frequency domain (in units of c/deg), in terms of the spatial frequency content affected by the filter. 
Mean thresholds are listed for infants, and individual thresholds are listed for the two adult subjects. 
There were five experimental conditions for each age: a 
non-blurred condition, and four blurred conditions (see 
Table 1). 
Experimental procedure. The FPL procedure (Teller, 
1979) was used with the method of constant stimuli. 
Each infant sat on a parent's lap facing the monitor at 
a viewing distance of 37.5 cm. An unseen experimenter 
observed the infant through a peephole above, and 
slightly to the left, of the monitor. A. bell, which could 
be dropped in front of the center of the screen, was used 
to elicit the infant's attention prior to each trial. When 
the infant was fixating the center of the screen, the bell 
was removed and the experimenter, who was blind to the 
position (left or right) of the offset, observed the infant's 
looking behavior. The experimenter used cues such as 
the infant's head and eye movements o judge which side 
of the screen contained the offset bar, and entered a 
judgment into the compater at the end of the trial. An 
experimental session was considered complete when the 
subject had observed 20 trials for each of three offset 
sizes, for a total of 60 trials per session. Breaks for 
feeding, diaper changes or soothing the infant were 
taken at any point between trials, at the discretion of the 
parent. Despite these allo.wances, ome infants failed to 
complete 60 trials because of fussiness or sleepiness. If
these infants were unable to return to the lab within one 
week, their data were not included in the final sample. 
Data analysis. For each of the three offset conditions, 
the percentage of correct responses was calculated, for 
each infant. These percentages reflected the exper- 
imenter's accuracy in judging which bar (left or right) 
contained the vernier offsets, based on the infant's 
*The non-filtered stimuli are ,~xpressed in terms of the modulation 
transfer function of the video monitor at the viewing distance used. 
Thus, the different viewing distances used with infants and adults 
led to different levels of blur in the "non-blurred" stimuli, and the 
horizontal shift between the leftmost point in the infant and adult 
data shown in Fig. 3. 
looking behavior. A psychometric function was derived 
for each infant, and individual thresholds were deter- 
mined by Probit analysis (Finney, 1971). The threshold 
criterion was the 75% correct point on the psychometric 
function. Data were not analyzed for those sessions in 
which the 75% correct criterion was not reached in at 
least one of the two largest offset conditions (14% of the 
57 sessions for the 3-month-olds and 9% of the 65 
sessions for the 5-month-olds). Data from some infant 
sessions were non-monotonic as a function of offset size 
(9% of all sessions). In these cases, threshold was derived 
by linear interpolation between two adjacent data points 
(i.e. offset 'sizes), small-medium or medium-large, and 
ignoring the third. In addition, some infants failed to 
provide complete data sets due to sleepiness or fussiness 
(six of the 57 sessions for the 3-month-olds and 11 of the 
65 sessions for the 5-month-olds), and these incomplete 
data sets were not included in the analysis. 
Results and discussion 
The effect of stimulus blur on vernier thresholds is 
shown in Fig. 3(a). Data from the two infant groups (3 
and 5-month-olds) are shown in Fig. 3, and these same 
data are shown in Fig. 3(b), along with data from the 
two adult subjects. Three important points emerge from 
these data. First, in the no-blur condition,* 5-month- 
olds' vernier threshold for a stationary stimulus was 
significantly better than 3-month-olds', and adults' 
thresholds were far better than both groups of infants. 
Second, threshold degradation occurred at different 
levels of stimulus blur for 3-month-olds, 5-month-olds 
and adults. Third, average thresholds for the two infant 
groups converged at higher degrees of blur, and 
threshold for all ages was proportional to stimulus blur 
(with a slope of 1.0) above the point at which threshold 
degradation began. The experimental conditions and 
thresholds are summarized in Table 1. 
Estimates of intrinsic blur were derived from these 
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FIGURE 3. Vernier acuity thresholds, as a function of stimulus blur 
for groups of 3- and 5-month-old infants and two individual adults. 
(a) Mean data from infants, including SE estimates. (b) Data from 
infants and two adults. In each panel the vertical arrows indicate the 
estimates of intrinsic blur. 
data by calculating curve fits based on equation (1). This 
equation (described earlier) was used to fit separate, 
least-square curves to the data for the two groups of 
infants and the two individual adults. These curves are 
shown with the data in Fig. 3. Estimates of equivalent 
intrinsic blur are shown by the arrows in Fig. 3. The 
3-month-olds had an average intrinsic blur of 
12.9 arc min, and 5-month-olds' average intrinsic blur 
was 7.3 arc min. Intrinsic blur of the two adults (0.1 and 
0.3 arc min) was considerably lower than that of the 
infant subjects. Figure 4 illustrates how intrinsic blur for 
this vernier acuity task decreases with age. Equivalent 
intrinsic blur and vernier threshold can be expressed in 
the same units (sec arc in Fig. 4), and this figure 
illustrates that estimates of equivalent intrinsic blur 
are consistently lower than vernier thresholds for our 
subjects. This suggests that, with in a g iven age group,  
equivalent intrinsic blur is not the only factor limiting 
performance on this task. 
The results of Expt 1 suggest that 100% of the 
improvement in position sensitivity (shown by the 
thresholds in the no-blur condition) which occurs be- 
tween 3 and 5 months postnatal can be explained by the 
decrease in intrinsic blur throughout hat age range. 
That is, 5-month-olds can be made to perform at the 
level of 3-month-olds imply by blurring the vernier 
stimulus, as shown by the convergence of the two 
functions at high levels of stimulus blur. The difference 
between infants' and adults' equivalent intrinsic blur, 
and the fact that adults' thresholds rose over a range 
which had no effect on infants' thresholds (see Fig. 3), 
suggest hat at least a portion of vernier acuity develop- 
ment between infancy and adulthood can be attributed 
to a reduction in intrinsic blur beyond infancy. However, 
the levels of blur used in this experiment did not permit 
us to observe a complete overlap of adults' and infants' 
thresholds. If intrinsic blur were the sole factor, we 
would expect adults' thresholds to be degraded to the 
level of infants' at high levels of blur. 
Although the results of Expt 1 appear to support he 
role of decreasing intrinsic blur in the developmental 
improvement in vernier acuity, it is important to rule out 
the possibility that threshold improvements were due 
to greater contrast sensitivity of adults compared to 
infants. Gaussian filtering of the stimuli used in Expt 1 
was designed to reduce the contrast of selected high 
spatial frequencies, but this also caused reductions 
in overal l  luminance contrast as blur increased. For 
example, compared to a contrast of 0.99 in the non- 
blurred stimulus, the most blurred stimulus had a con- 
trast of 0.12. No studies to date have addressed the issue 
of how infant vernier acuity might change as a function 
of luminance contrast, but some studies have shown that 
low levels of contrast degrade the vernier acuity of 
adults (Bradley & Skottun, 1987; Foley-Fisher, 1977; 
Krauskopf & Farell, 1991). Because infants are known 
to have poorer contrast sensitivity than adults (Banks & 
Salapatek, 1978), it is plausible that the reduced overall 
contrast in the blurred stimuli, rather than the lowering 
of contrast for each Gaussian's selected high frequencies, 
led to the degradation of infants' thresholds in the 
different stimulus blur conditions. If this were the case, 
then reduced contrast, in the absence of blur, would be 
expected to produce results similar to those which we 
observed in Expt 1. 
We wished to investigate this hypothesis in Expt 2, by 
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F IGURE 4. Estimates of equivalent intrinsic blur and vernier 
thresholds for non-filtered stimuli, expressed in units of sec arc. For 
each age group, equivalent intrinsic blur is lower than vernier 
threshold. 
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measuring vernier acuity in 3-month-olds and adults 
using a non-blurred stimulus with luminance contrast 
(0.12) matched to that of the most-blurred stimulus from 
Expt 1. If  overall contrast accounts for the results 
obtained in Expt 1, then subjects' performance in Expt 
2 should be approximately equal to the most-blurred 
condition of Expt 1. If, however, subjects' thresholds for 
the low contrast non-blurred stimulus in Expt 2 are not 
as poor as for the mos~t-blurred stimulus in Expt 1, we 
can attribute with more confidence the results of Expt 1 
to blur. 
EXPERIMENT 2: LUMINANCE CONTRAST 
EFFECTS ON VERNIER ACUITY 
Methods 
Subjects. Sixteen 3-n~tonth-old infants were recruited 
in the same manner as for the first experiment. The mean 
age was 85 days (range, 80-89 days; SEM, 1.2). In 
addition, the adult subjects from the previous exper- 
iment participated in Expt 2. 
Apparatus and stimuli. The apparatus used in the 
present experiment was identical to that used in Expt 1. 
The stimulus was also identical to the non-blurred 
stimulus from Expt IL, except that the luminance 
contrast was lowered to 0.12 [ (Zma x - -  Lmin) / (Lma x --[- Lmin) ;  
Lmax = 39.2 cd/m2; Lmi n =-- 30.8 cd/m2]. Offset sizes ranged 
from 18.4 to 73.6 arc min for infants, and from 0.12 to 
0.99 arc min for adults. Adults were tested with the 
non-blurred stimulus, as well as four blur conditions, 
with a contrast of 0.12 in all conditions. 
Experimental procedure and data analysis. The pro- 
cedure and data analysis were identical to those used in 
Expt 1. Of the 16 infants tested in the present exper- 
iment, three did not complete the 60 trial session due to 
fussiness and/or sleepiness, and four completed 60 trials 
but failed to meet the minimum percent correct criterion. 
The data presented below are from the remaining nine 
infants. 
Results and discussion 
The contrast reduction had minimal effects on the 
thresholds of both infants and adults (see Table 1). The 
mean threshold for infants in Expt 2 was 49.5 arc min 
(SEM 4.49). This may be compared to the conditions of 
Expt I in which the non-blurred and highly blurred 
stimuli were used. Recall from Expt 1 that 3-month-olds 
had a mean threshold of' 41.6 arc min (SEM, 5.1) for the 
non-blurred stimulus (contrast, 0.99), and a mean 
threshold of 102.7 arc min (SEM, 16.5) for the most- 
blurred stimulus (contrast, 0.12). Thus, the increase in 
blur caused vernier threshold to be degraded by a factor 
of 2.5 compared to the non-blurred stimulus. However, 
a comparison between the non-blurred stimulus of 
Expt 1 with the low-contrast non-blurred stimulus of 
Expt 2 shows that reducing contrast by a factor of 8.25 
while holding blur constant led to a factor of 1.2 in 
threshold elevation. This is illustrated in Fig. 5, which 
displays vernier acuity as a function of luminance con- 
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FIGURE 5. Vernier thresholds attwo levels of stimulus contrast. High 
contrast data are from the non-filtered stimulus conditions of Expt l, 
and low contrast data are from Expt 2. 
trast for both the group of 3-month-olds and the two 
adults. 
The data from the adult subjects showed a slightly 
larger effect of contrast on vernier acuity. When lumin- 
ance contrast was reduced but blur was kept minimal for 
the stimulus in Expt 2, the two adults' thresholds were 
degraded only by factors of 2.4 and 2.2. This effect is 
considerably smaller than the effect of blur shown in 
Expt 1, in which the adults' thresholds were degraded by 
factors of 6.6 and 7.4. The results of Expt 2, therefore, 
support the hypothesis that the threshold elevations 
observed in Expt 1 can be attributed specifically to the 
removal of high frequency components of the vernier 
stimuli, and not simply to the overall contrast reductions 
that result from the filtering process. 
In addition to the above comparisons, complete in- 
trinsic blur curves were obtained from the two adult 
subjects, allowing us to look at the effects of contrast on 
intrinsic blur estimates as well as on acuity. As shown in 
Fig. 6, the low contrast stimuli used in Expt 2 caused 
higher vernier thresholds in the adult subjects as well as 
higher estimates of intrinsic blur. This suggests that at 
low contrasts, adults may be using mechanisms tuned to 
lower spatial frequencies to perform this vernier task. 
This idea will be discussed in more detail in the next 
section. 
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FIGURE 6. Vernier acuity thresholds as a function of stimulus blur 
for the two adults tested with low contrast (12%, I )  and high contrast 
(99%, rq) stimuli. Vertical arrows indicate the estimates of intrinsic 
blur. Solid arrows indicate quivalent intrinsic blur for the low contrast 
conditions of Expt 2 and open arrows indicate quivalent intrinsic blur 
for the higher contrast conditions of Expt 1. 
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CONCLUSIONS 
We have shown that a reduction of intrinsic blur is the 
primary factor accounting for improvements in vernier 
acuity between 3and 5 months postnatal. While intrinsic 
blur reductions also can e.xplain a proportion of the 
improvements which occur between 5months and adult- 
hood, additional factors must be responsible for devel- 
opment during this period. Consider the Gaussian filters 
which were used in the present experiments (Table 1). 
While it was" not possible to use the same filters with 
infants and adults (due to computer graphics limitations 
at the different viewing distances), two of the filters used 
with adult subjects created stimuli which were more 
blurred than the least blurred stimulus used with infant 
subjects. However, note in Fig. 3 that the extrapolated 
curves for infants and adults do not converge. This 
shows that the addition of stimulus blur was not suf- 
ficient to degrade adult, performance in these exper- 
iments to the level of infants. Therefore, intrinsic blur 
cannot fully explain developmental differences in vernier 
acuity. The data from our second experiment point to a 
possible explanation for the remainder of the differences 
between infants' and adults' processing of vernier 
stimuli. 
Experiment 2 showed that lowering luminance con- 
trast had a slightly greater effect on adults' thresholds 
than on infants'. This difference can be explained by 
assuming that under optimal conditions (high contrast, 
low stimulus blur), adults perform vernier acuity tasks 
using mechanisms tuned to higher spatial frequencies 
than those available to infants. If the contrast gain of 
these high frequency filters is relatively low compared to 
filters tuned to low spatial frequencies, then low lumin- 
ance contrast may force adults to use mechanisms tuned 
to lower spatial frequencies to perform vernier acuity 
tasks. By definition, lower spatial frequency mechanisms 
are less affected by extrinsic blur than mechanisms tuned 
to higher spatial frequencies, and performance based on 
lower frequency mechanisms is expected to yield higher' 
estimates of equivalent intrinsic blur. This is consistent 
with the performance of our adult subjects in Expt 2: 
under low contrast conditions, each adult showed higher 
levels of equivalent intrinsic blur, compared to perform- 
ance under high contrast conditions. 
By comparison, infants may have only relatively low 
spatial frequency mechanisms at their disposal, even 
under conditions of high stimulus contrast. Norcia, 
Tyler and Hamer (1990) have shown that contrast 
sensitivity develops earlier for lower spatial frequencies 
than for higher spatial frequencies. This supports the 
notion that different spatial channels are developing (or 
increasing in sensitivity) postnatally. The data from the 
present study are consistent with the development of 
contrast sensitivity to higher spatial frequencies. The 
present experiments support the hypothesis that the 
development of a "hyperacuity" mechanism requires an 
increase in contrast gain within filters in the medium/ 
high spatial frequency range (cf. Wilson, 1986, 1988). 
The results of the present study suggest hat post- 
receptoral retinal through cortical stages of the visual 
system act as a series of low-pass filters on positional 
offset information which is passed by optics and photo- 
receptors. The process of development may consist of 
increasing sensitivity in filters tuned to medium and high 
spatial frequencies. Once the sensitivity of these specific 
mechanisms has increased sufficiently, the visual system 
should be better able to support hyperacuity-level pro- 
cessing. Moreover, by pooling across these additional 
medium and high spatial frequency mechanisms, adults 
may gain an additional advantage over infants lacking 
these mechanisms. 
This hypothesis  consistent with findings from clini- 
cal populations. Levi and Klein (1990b) have shown that 
amblyopic adults, who have deficits in vernier acuity 
compared to adults with normal vision, also have higher 
intrinsic blur in their amblyopic eye than in their normal 
eye. Kiper, O'Keefe, Kiorpes and Movshon (1993) have 
presented similar results from amblyopic monkeys. This 
supports the notion of amblyopia s a form of "arrested 
development" (Levi & Carkeet, 1993) and suggests that 
individuals with amblyopia may have never developed 
sensitivity within higher frequency spatial channels. 
Our results uggest that equivalent intrinsic blur is not 
the sole factor mediating developmental differences in 
vernier acuity, and thus development of sensitivity 
within medium and high spatial frequency filters may 
not be sufficient o explain vernier acuity development. 
Another candidate factor which may contribute to 
differences between infants and adults is positional un- 
certainty in infant visual processing. Some of the spatial 
deficits in normal peripheral vision and in amblyopic 
vision have been attributed to undersampling and pos- 
itional uncertainty in the normal periphery, and in foveal 
and peripheral vision of amblyopes (Hess & Field, 1993; 
Hess & Watt, 1990; Levi & Klein, 1990a, b; Levi, Klein 
& Yap, 1987; Watt & Hess, 1987). A considerable 
amount of postnatal development occurs in the retina 
of humans; e.g. photoreceptors undergo a l~eriod of 
postnatal migration towards the fovea (Yuodelis & 
Hendrickson, 1986; see also, Aslin, 1988). It is possible 
that during this migration period (from approximately 
birth until 6--8 months of age), infants' poor perform- 
ance on spatial localization tasks is caused by inaccurate 
position input to postreceptoral filters. Thus, another 
prerequisite for adult-like vernier acuity development 
may be the calibration of spatial position information 
within receptoral and postreceptoral connections. 
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